H I G H L I G H T S
• Organic-enriched sediments are common in Upper Colorado River Basin floodplains.
• Reducing conditions are maintained primarily by organic carbon content and moisture • Particle size governs reactive S(0) and FeS species by mediating oxidant diffusion.
• Organic-enriched sediments mediate groundwater contaminants in floodplains.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Floodplains are estimated to cover up to 1.5% of the terrestrial surface, and constitute important links between surface and subsurface (Chaopricha and Marín-Spiotta, 2014; Blazejewski et al., 2009) . Floodplains act as buffers for flood water and as filters for nutrients and pollutants carried with river water and sediment from upstream source areas. Conversely, river-floodplain sediment systems, heavily used for water supplies, housing, agriculture, mining, and industry, can be long-term sinks for heavy metal contaminants. In this context, sediment-water interactions within floodplains can attenuate or accentuate nutrient and pollutant loads in groundwater (Naiman and Décamps, 1997; Tockner and Stanford, 2002; Pinay et al., 1991; Tabacchi et al., 1998) . This behavior is particularly important within the Upper Colorado River Basin (UCRB), where groundwater discharge contributes the majority of total net surface outflow (Miller et al., 2016) . In combination with subsurface or hyporheic exchange, groundwater discharge regulates surface water quality (Findlay, 1995) . Floodplain sediments exhibit sharp lithologic heterogeneity (Janot et al., 2016) . The high heterogeneity of sediment textures and chemical/mineralogical compositions creates chemical gradients that physically juxtapose oxidizing and reducing conditions (Tockner et al., 2010) . The stability of contaminants within such sediments is closely linked to redox conditions (Lynch et al., 2014; Schulz-Zunkel et al., 2015) . Transport of oxidants and contaminants, including As, Sb, Se, Cr, As, Hg and U, across these heterogeneities drives toxicant accumulation or release (Hua and Deng, 2008; Burton et al., 2011; Hyun et al., 2012; Veeramani et al., 2013) . Knowledge of the spatial, hydrological, mineralogical, and biogeochemical controls over redox conditions is therefore critical for understanding the function of floodplain sediments as sinks or supplies of inorganic contaminants. The aim of this work was to contribute to the development of regionally-relevant conceptual models of the biogeochemical function of organic-enriched sediments.
Previous studies suggested that sediment moisture is important for maintenance of reducing conditions in floodplain sediments within the Upper Colorado River Basin (UCRB) (Janot et al., 2016; Campbell et al., 2012) . Significantly, within this region, water tables exhibit strong seasonal fluctuation tied to early summer meltwater discharges, which temporarily displace the capillary fringe upwards. The subsequent filling of pore space by water creates the potential for the onset of Fe(III) and sulfate reducing conditions. Thus, seasonal hydrological variations drive cyclic changes of redox conditions (Lair et al., 2009; Weber et al., 2009; Lynch et al., 2014; Schulz-Zunkel et al., 2015) . Iron and sulfur mineral transformations (dissolution/precipitation of sulfides and oxides) are driven by these hydrologic changes (Shuman, 1997; Ford et al., 1997; Rickard and Luther, 2007; Qafoku et al., 2009; Canfield et al., 1992; Noël et al., 2014) . Consequently, the chemical forms of S and Fe exhibit dramatic variability tied to redox conditions, providing efficient and precise biogeochemical tracers of redox processes.
UCRB floodplain sites are widely impacted by former U ore processing activities. At the Rifle, CO, site, U concentrations N200-fold higher than background concentrations are found within layers of finegrained, clay-rich sediments having markedly higher organic C content than the sand and cobble alluvium that dominates the floodplain (Janot et al., 2016; Qafoku et al., 2014; Campbell et al., 2012) . These sediments may exhibit black coloration from sulfidic mineral precipitation, indicating strongly sulfate reducing conditions, and therefore, have been referred to as 'naturally reduced zones' or NRZs (Campbell et al., 2012) . They are suspected to play an important role in maintaining the persistent groundwater U contamination plume at the Rifle site (Janot et al., 2016) . Janot et al. noted that other floodplains within the UCRB exhibit similar sediment characteristics, and predicted that sulfidic NRZs are regionally common and responsible for the accumulation of U at other contaminated floodplain sites (Blazejewski et al., 2009; Janot et al., 2016) . This hypothesis is supported by similar groundwater compositions in upper CRB aquifers with high sulfate concentrations around 250 mg/L (Report of Department of Energy, 1999 Energy, , 2003 Energy, , 2011 Energy, , 2013 . Thus, it was posited that the behavior of the finegrained, water-saturated NRZs observed at Rifle could be used as a model to understand the functioning of floodplain dynamics and predict contaminant behavior regionally. If correct, this model would provide a valuable tool to understand reduced sediment biogeochemistry and to rationalize and manage the many data-poor U-contaminated floodplain sites within the UCRB.
The objective of this study was to test the validity of the 'Rifle model' of NRZs, starting with a survey across the floodplain at the Rifle site, and extending it to other U-contaminated UCRB floodplain sites managed by the Department of Energy (DOE) Office of Legacy Management. Prior knowledge suggests that reduced sediments are present also at the Grand Junction and Naturita sites (CO) (Davis et al., 2006) . The inclusion of these two sites extends the study area to cover a linear distance of 250 km on the Colorado river in the central portion of the UCRB. This study further intended to improve our knowledge of the biogeochemical controls over Fe and S mineralization in order to develop a regionally consistent model of Fe and S redox processes in the UCRB floodplain sediments.
Materials and methods
Field sites, sample collection
The field sites are located on US DOE legacy sites on floodplains in the UCRB (Fig. 1) . More information on field sites is available in the Appendix A. Rotosonic drilling (Rifle) or direct push coring (Grand Junction, Naturita) were used to recover intact floodplain sediment cores (in 1.5 m intervals). Recovered cores were cased in N 2 -purged plastic tubes. In this study, 4 cores consisted of NRZs were selected from the three field sites; 2 cores (748 and 753) from Rifle, 1 core (GJAST15B) from Grand Junction and 1 core (NAT-M8-1) from Naturita. For each core, the sediment samples were collected every 10 to 40 cm from surface to bedrock (ca. 9.3 m bgs for Rifle, and 5-6 m bgs for Grand Junction and Naturita) (Janot et al., 2016) . Pebbles and cobbles larger than about 10 mm were removed, and the remaining sediments were immediately placed into containers. The sediment samples that visibly appeared to be darkened by the presence of sulfides and smelled sulfidic were collected at relatively fine vertical resolution (~5 cm), along with a segment of neighboring over-and underlying sediment, under Ar flow and preserved from oxidation in Ar-purged serum vials (crimp-sealed with rubber stoppers) (Fig. S1 ). All samples were immediately stored in the dark at 3°C, and shipped on ice to the laboratory where they were introduced in a glove box in 5%H 2 /95%N 2 atmosphere in order to be vacuum-dried. After drying, each sediment sample was sieved in order to get the b 1 mm size fraction. Then the samples were homogenized and stored in sealed containers in an anoxic glove box.
Chemical analyses
Bulk sediments were ground and a 3 g sub-sample of powdered sediments was analyzed for total chemical compositions using X-ray fluorescence spectrometry with a SPECTRO XEPOS energy dispersive X-ray fluorescence spectrometer equipped with a Pd cathode and operating at 50 kV and 40 mA at the Stanford Environmental Measurements Facility. Each concentration was an average of 3 analyses quantify by a supplier-provided software and the NIST 2711 certified reference material was intercalated during the analytical series. Organic C content was determined on a 200 mg sub-sample where carbonate C had been removed by adding aliquots of 1 mL 1 M HCl for N1 h until effervescence was undetectable. The remaining solution was decanted, sediments were dried at 30°C and homogeneously mixed prior to analysis with a Carlo Erba NA1500 elemental analyzer. Subsets of select samples were dried and~100 g of the b 1 mm fraction was sieved into 4 fractions using a standard series of mesh sizes. Size fractions were separated by sieving bulk samples using a set of 3″ stainless steel and brass-nested sieves (53 μm, 150 μm, 500 μm, 1000 μm) by hand shaking. Additional details of analytical procedures are reported in the Appendix A.
Mössbauer spectroscopy
Fe-rich minerals compositions of bulk ground samples were analyzed by Mössbauer spectroscopy. Mössbauer spectra were collected using a Web Research Company (St. Paul, MN) instrument that included a closed-cycle cryostat SHI-850 obtained from Janis Research Company, Inc. (Wilmington, MA), a Sumitomo CKW-21 He compressor unit, and a Ritverc (St. Petersburg, Russia) NaI detection system. 57Co/Rh source (75-mCi, initial strength) was used as the gamma energy source. The raw data was folded to 512 channels to provide a flat background and a zero-velocity position corresponding to the center shift (CS) of a metal Fe foil at room temperature (RT). Calibration spectra were obtained with a 25-μm-thick Fe foil (Amersham, England) placed in the same position as the samples to minimize any geometry errors. The Mössbauer data were modelled with RecoilTM software (University of Ottawa, Canada) using a Voigt-based structural fitting routine (Rancourt and Ping, 1991) . Sample preparation and sample holder were identical to the procedures reported in Peretyazhko et al. (2013) .
X-ray absorption spectroscopy (XAS) data collection
Fluorescence-yield X-ray Absorption Near Edge Structure (XANES) K-edge spectra of S from the bulk ground sediment samples were CO. Profiles (left) show the distributions of particles between 1000 μm and 150 μm diameter (purple) and the particles b150 μm (green). Composition profiles (right) show bulk sediment total organic carbon (OC, black) and total sulfur (S, pink) concentrations. Blue dotted lines show the minimum (Min.) and maximum (Max.) levels of groundwater table; Orange dotted lines and shading show the location of the fine-and coarse-grained NRZs. For Naturita (c), additional vertical graphs on far right-hand side give abundances of key OC described in text ( §3.1). Unsaturated OEZ = OEZ permanently located above the water table level; Fine-grained NRZ = NRZ enriched in fine particles (b150 μm) compared to surrounding sediments; Coarse-grained NRZ = NRZ with same distribution of grain sizes as surrounding sediments (cf., Table 1 ). Images from http://aspenjournalism.org/2014/03/30/snowpack-and-runoff-potential-looking-good/ and http:// www.nationsonline.org/oneworld/usa_map.htm. measured at beamline 4-3 at the Stanford Synchrotron Radiation Lightsource (SSRL), using a Si (111) double crystal monochromator. Samples were pressed into Al holders and covered with S-free plastic x-ray windows (4 μm thick 'parylene') inside a glove box (5%H 2 / 95%N 2 atmosphere). Spectra were collected under He atmosphere at room temperature in fluorescence mode using a SiLi Vortex detector. The X-ray energy was calibrated to the K-edge of sodium thiosulfate (2472 eV). Each XANES spectrum was composed of an average of 6 scans. No beam damage was detected and self-absorption was considered to be insignificant since most samples are fine-grained with S-concentrations b 2% (Prietzel et al., 2011) .
Fe K-edge XANES and X-ray Absorption Fine Structure (EXAFS) spectra of sediment samples were collected in fluorescence mode at 10 K on the 4-1 beamline at SSRL using a Si(220) double crystal monochromator. Bulk ground sediment samples were mounted on the cryostat sample rod within an N 2 -purged glove bag and brought to the beamline in a liquid nitrogen bath before being rapidly transferred into the liquid He cryostat. The energy was calibrated by setting the first K-edge inflection point of a Fe foil to 7112 eV (double transmission mode). For each sediment sample, 3 to 12 scans were recorded, depending on the concentration (1.4 to 3.5 wt% Fe) and speciation of Fe.
S and Fe K-edge spectra were averaged and normalized using the ATHENA software (Ravel and Newville, 2005) . S K-edge XANES data were analyzed by linear combination-least squares (LC-LS) fitting using reference spectra and S characteristic resonances from species observed in μ-XANES studies (described in Appendix A; Fig. S2 ). The Fe Kedge XANES and EXAFS spectra were fitted by a LC-LS fitting procedure using the ATHENA software, and using a homemade software based on Levenberg-Marquardt minimization algorithm (Hohmann et al., 2011; Pantke et al., 2012) , respectively. Radial distribution functions around the Fe absorber were obtained by Fast-Fourier-transformation of the k 3 -weighted experimental χ(k) function using a Kaiser-Bessel apodization window with the Bessel weight fixed at 2.5. Spectra were then analyzed by LC-LS fitting using the model compounds spectra selected from S K-edge XANES data analyses combined with mineralogical analysis given by Mössbauer results. Details of LC-LS fitting procedure are reported in the Appendix A. Experimental S and Fe K-edge XANES and EXAFS spectra from natural and synthetic model compounds used for LC-LS fitting analysis of XAS spectra of the sample sediments are described in the Appendix A.
Results
Sediment characterization
Vertical profiles of OC (organic carbon), total S, and particle size distribution within collected cores from Rifle, Grand Junction and Naturita are shown in Fig. 1 . We identified horizons in all cores with an OC content that was markedly higher compared to the majority of the core sediment, i.e. sediments with C content two-to three-fold (minimum) higher than the surrounding sediments of studied basin. These were selected as candidate sediment zones adhering to the 'Rifle model' and were termed organic-enriched zones (OEZ). Based on their texture and position relative to the water table they were further divided into three subcategories (Table 1) :
Unsaturated OEZ. OEZ located between the surface and the groundwater table. Such zones are found between 0 and~90 cm depth below ground surface (bgs) in the core from Grand Junction (GJAST15B core, Fig. 1b ) and at between 270 and 300 cm depth bgs in the core from Naturita (NAT-M8-1 core, Fig. 1c ).
Saturated fine-grained OEZ. OEZ located below the groundwater table with a higher abundance of fine particles than the bulk average (e.g. Rifle core 753,300 cm bgs; Fig. 1a ; Table 2 ). In both Rifle cores, OC concentrations increased up to seven-fold from an average of 0.15 wt% to average of 0.62 and 1.12 wt%, between 488 and 520 cm bgs in the 748 core, and between 555 and 588 cm bgs in the 753 core. These OEZ consisted of black clayey, centimeter-thick layers infilling interstices created by cobbles. At Rifle, the OEZ were easily distinguished from the surrounding alluvium, which was composed of oblate, spheroidal siliciclastic cobbles larger than 5 cm in diameter, pebbles, gravel, and sand exhibiting a light brown color (Janot et al., 2016) . Indeed, sieving confirmed a higher abundance of fine particles (b150 μm) in the OEZ in Rifle core 753, specifically from 572 cm bgs (70% of the b 1000 μm fraction), than in the rest of the core (32% of the b1000 μm fraction; Fig. 1a) .
Saturated coarse-grained OEZ. OEZ located below the groundwater table with a texture similar to the remainder of the profile, i.e. where the OC content is the main distinguishing feature of the OEZ relative to the rest of the core. For example, the GJAST15B core (Grand Junction) contained an OEZ at 438 cm bgs distinguished by an increase in OC from an average of 0.20 wt% to 1.12 wt% (Fig. 1b) , but the color and texture (dark grey clayey sand) are overall similar to the surrounding material (dark greyish brown sand). Similarly, in the NAT-M8-1 core (Naturita) the OC concentrations decreased from 0.81 wt% to 0.16 wt% between 315 and 435 cm bgs, then increased again to 0.78 wt% between 495 and 515 cm bgs (Fig. 1c) . Otherwise this OEZ appeared to be similar to the surrounding brown clayey sand. Therefore, in contrast to the OEZ found at Rifle, it was more difficult to visually identify OEZ at Grand Junction and Naturita. Indeed, there was no distinct difference in the grain size distribution between OEZ and surrounding sediments in the GJAST15B and NAT-M8-1 samples, and coarse particles (N 150 μm) were abundant (70% of the b 1000 μm fraction) in the OEZ of Grand Junction and Naturita (Fig. 1b,c) .
Total sulfur and total iron profiles
Total sulfur and total iron in core samples are given in Table 2 . Total sulfur profiles are shown in Fig. 1 . Below the water level (in the aquifer sediments), the saturated fine-grained and coarse-grained OEZ are enriched in S compared to aquifer sediments. Total S increased 10-fold at Rifle, from 0.05 wt% in the aquifer sediments to 0.61 and 0.52 wt%, in the OEZ of 748 and 753 cores, and 2-fold at Grand Junction, from 0.05 wt% in the aquifer sediments to 0.12 wt%, in the OEZ of GJAST15B core. At Naturita, the trends in total S and total OC were concomitant: total S decreased from 0.37 wt% to 0.06 wt% between 315 cm and 435 cm, and increased up to 0.61 wt% between 495 and 505 cm. Below the water table, the saturated fine-and coarse-grained OEZs are also slightly enriched in Fe compared to aquifer sediments. For example, at Rifle, total Fe increased from 1.86-2.11% in the background aquifer 3.3. Sediment redox conditions: fine-grained NRZ vs. coarse-grained NRZ Vertical profiles of S oxidation state within collected cores from Rifle, Grand Junction and Naturita are shown in Fig. 2 . S K-edge XANES spectra show a strong reduction in S oxidation state in saturated OEZs as compared to surrounding sediments (Figs. 2, 3a and S3, S4) . The saturated OEZs are characterized by Fe(III) and sulfate-reducing products (Figs. 2, 3 and 5), and are consequently referred to as 'naturally reduce zones', NRZs (Campbell et al., 2012) . Based on their texture, saturated OEZ were divided into two subcategories (detailed in §3.1, Table 1 , and Fig. 1): (1) 'fine-grained NRZs', such as those observed at the Rifle site; and (2) 'coarse-grained NRZs', such as those observed at the Naturita and Grand Junction sites. The NRZ sediments at Grand Junction and Naturita exhibit the same grain size distribution (within the b1000 μm fraction) as the under-and overlying aquifer sediments. These NRZs are coarser-grained than those at Rifle. S K-edge XANES spectroscopy provides a redox indicator for sulfur and is an efficient technique for characterizing S oxidation state and iron sulfide species in complex natural materials (Fleet, 2005) . Based on the K-edge XANES, the two subcategories of NRZs show different S oxidation states and, consequently, different iron sulfides:
Fine-grained NRZs. S XANES spectra of the fine-grained NRZ from Rifle show the occurrence of S(VI), S(0), S(-I), and S(-II), as identified by the energy position of absorption-edge peaks (1s-3p) at 2482.6 eV, 2472.4 eV, 2472 eV and 2470.9-2470.3 eV, respectively (Figs. 2, 3 and S3). The peak at 2470.9-2470.3 eV was previously interpreted as the concomitant occurrence of mackinawite (FeS) and greigite (Fe 3 S 4 ) (Janot et al., 2016) . However in a subsequent study, we have found that synthetic FeS exposed to sub-stoichiometric amounts of oxidants or Fe 3+ exhibits a peak at 2470.3 eV (Fig. S2 ). This FeS phase, referred to as minimally oxidized mackinawite, shows a peak shift in S XANES up to − 0.6 eV compared to theoretical mackinawite. The S K-edge XANES peak at 2470.3 eV, characteristic of S(-II), is thus interpreted as the occurrence of mackinawite with partial degrees of oxidation but retaining most of the characteristics of FeS. Mössbauer data does not show any indication of greigite (Fig. 4c) . Therefore the occurrence of greigite in finegrained NRZ from Rifle is considered unlikely. Coarse-grained NRZs. In contrast to the Rifle samples, only three oxidation states of sulfur were distinguished in the samples collected in the coarse-grained NRZs of Grand Junction and Naturita ( Fig. 2 and S4 ). The S K-edge XANES peaks at 2482.6 eV and 2472.4 eV were interpreted as sulfate and elemental sulfur, respectively. The peak at 2472 eV was attributed to pyrite, as suggested by the Mössbauer spectroscopy results (Fig. 4c) . In these coarse-grained NRZs, no iron monosulfide phases were detected by S K-edge XANES analysis.
Detailed Fe speciation in the NRZs
The Fe mineral composition of the fine-grained Rifle NRZ (753 core, 568 cm bgs) and the coarse-grained Grand Junction NRZ (GJAST15B core, 438 cm bgs) are shown in Fig. 4a,b . In both cases, a considerable fraction of the total Fe is unambiguously present as crystalline/largeparticle hematite and magnetite (sextet features in the modelled spectra), and as Fe(II) in phyllosilicates (red doublet in Fig. 4a,b) . The remaining Fe displayed as a quadrupole splitting. Around 0 to +2 mm/s (blue doublet in Fig. 4a,b) is undoubtedly a mix of phyllosilicate Fe(III) and diamagnetic Fe(II)-sulfides, pyrite and/or mackinawite (for additional details about Mössbauer spectra analyses, see Supplementary data). Goethite and ferrihydrite are not evidence in the RT, 140 K, and 77 K spectra, and 77 K and 8.5 K. The absence of these phases is consistent with the anoxic nature of NRZs, since these bioavailable Fe-oxide phases are present in Rifle background sediments (Campbell et al., 2012) . Furthermore, it is clear from Mössbauer spectra that stronger anoxic conditions prevail in the Rifle NRZ than in the Grand Junction NRZ, based on the relative contribution of phyllosilicate Fe(II) to the spectra, since phyllosilicate Fe(II) content has been shown to increase as a result of bioreduction (Kukkadapu et al., 2006) . Finally, Fig. 4c clearly shows that greigite was not present in the samples.
The Mössbauer results were in agreement with the LC-LS results of the XAS data (Fig. 4d) . Hematite, magnetite, and Fe(II)-and Fe(III)-phyllosilicates were previously described at Rifle, both in the NRZ and surrounding sediments. These minerals were mainly inherited from Representative bulk S K-edge XANES spectra (left) of water saturated sediments as function of organic carbon concentration (right). The selected spectra are representative of S speciation evolution for cores from Rifle, Grand Junction and Naturita; all of bulk S K-edge XANES spectra of sediment samples collected along the cores from Rifle and from Grand Junction and Naturita are shown Fig. S3 and S4 , respectively. Orange shading shows the location of the NRZs. Red lines are fits to spectra. Sample spectra are compared to reference spectra (top) for: mackinawite, pyrite, elemental sulfur and sulfate. Thick vertical grey bands denote characteristic 1s-3p resonances for each oxidation state. Depths below ground surface (bgs) are noted numerically.
burial of sediments along active river margins (Qafoku et al., 2009; Campbell et al., 2012) . Thus, it is reasonable to find similar Fe-bearing phases in alluvial floodplains at other sites (Grand Junction and Naturita; Fig. 5 and Table S2) in the UCRB. Fe K-edge EXAFS spectra of illite, biotite and phlogopite provided the best fits to minimize the Rf of LC-LS fitting of soil samples. Illite and phlogopite were thus chosen as proxies for Fe(II-III)-phyllosilicates, (Karickhoff and Bailey, 1973; Johnston and Cardile, 1987) and biotite for Fe(II) phyllosilicates (Faye, 1968) . Iron sulfides, such as pyrite, were previously described to occur in the NRZ (Janot et al., 2016) . The model compounds used for the LC-LS fitting analyses are reported in Fig. S7 .
Similarly to the Mössbauer data, Fe K-edge EXAFS spectra suggested stronger anoxic conditions in the Rifle NRZ than in the Grand Junction NRZ. Pyrite was detected in the sediment of the Rifle NRZ (753 and 748 cores; Fig. S8 and Table S2), whereas it was not detected in the sediments of the Grand Junction NRZ (GJAST15B core; Fig. S9 and Table S2 ). The absence of a species from Fe K-edge EXAFS suggests that its proportion is below 10% of the total Fe content (the detection limit of this method; Cancès et al., 2005; Juillot et al., 2011) . However, the S K-edge XANES of Grand Junction NRZ sediment shows that pyrite is a major species when evaluated relative to the total S content ( Fig. S4 and Table S1 ). A large fraction of pyrite also was detected by Fe speciation analyses of the coarse-grained NRZ collected at Naturita (NAT-M8-1 core) (Fig. S9 and Table S2 ). This indicates sulfate-reducing conditions can also occur in the coarse-grained NRZs.
Vertical transects distributions and quantitative speciation of Fe and S species through floodplain alluvium
Results from speciation studies detailed in 3.3 § and 3.4 § were used as the basis for comprehensively and vertically profiling Fe/S species through an entire alluvium cross-section. LC-LS fitting of EXAFS and XANES spectra are shown in Fig. 5 and parameters are summarized in Table S1 and S2 for the S and Fe speciation, respectively.
Fine-grained NRZs. In the sediments collected at Rifle (example of 753 core detailed in Fig. 5a,b,c) , Fe EXAFS data indicate that in the sediments collected above and below the NRZs, approximately half of Fe was present in phyllosilicate minerals, including Fe(II-III)-bearing phyllosilicates (43%) and, to a lesser extent Fe(III)-bearing phyllosilicates (12%). Fe(III)-oxyhydroxides and Fe(II-III)-oxides also comprised about half of total Fe. Fe(III)-oxyhydroxides (25%) included mainly hematite and goethite, whereas Fe(II-III)-oxides (21%) occur as magnetite. In the fine-grained NRZ, the proportion of goethite decreased from the interface with the surrounding aquifer (588 cm bgs), to undetectable amounts in the interior of the NRZ (562-568 cm bgs). Concomitantly, pyrite appeared as an additional Fe pool in the NRZ, with proportions increasing inversely to the goethite fraction, from 10% at 588 cm bgs to 17% at 568 cm bgs (Fig. 5c) . The remaining fraction of Fe in the fine-grained Rifle NRZs was incorporated into phyllosilicate minerals (50%), magnetite (14%) and hematite (16%) in constant proportions throughout the NRZ. Similarly to Fe, the S speciation indicates increasing proportions of iron sulfides (FeS and FeS 2 ) from the interface with aquifer sediments (57% at 555 cm bgs and 38% at 619 cm bgs) to the interior of the NRZ (up to 90%) ( Fig. 5b and  S5) . Concomitantly, the proportion of sulfate and elemental sulfur decreased from the interface to the interior of the NRZ. Detailed results of the LC-LS fitting normalized to 100% for the NRZ sediments from 748 and 753 cores are shown in Fig. S5 .
Coarse-grained NRZs. The S XANES data (detailed in Fig. S4 ) from the saturated coarse-grained NRZs from Grand Junction and Naturita show occurrence of pyrite (24-44% and 27-70% of total sulfur, respectively) and relatively abundant elemental sulfur (38-48% and 15-41% of total sulfur, respectively (Fig. 5e,h ). Unlike Rifle, these saturated coarsegrained NRZ do not show occurrence of iron monosulfides. Instead, relatively high proportions of elemental sulfur are present. In the sediments collected above and below the NRZs in these cores (GJAST15B and NAT-M8-1), Fe EXAFS data (detailed in Fig. S9 ) are characterized by high proportions of Fe(III)-bearing phyllosilicates such as illite (36-40%) and, to a lesser extent Fe(II-III)-bearing phyllosilicates, such as phlogopite (16-17%). The second half of the Fe fraction is present as Fe(II-III)-oxides, as magnetite (26 and 12% for GJAST15B and NATM8-1, respectively), and Fe(III)-oxyhydroxides, including hematite and goethite (22 and 30% for GJAST15B and NATM8-1, respectively) ( Fig. 5f,i) . However, the goethite pool was not apparent in the Grand Junction coarse-grained NRZ, which was confirmed by Mössbauer analysis (438 cm bgs sample) (Fig. 4) . At Grand Junction, iron sulfides were below detection (~10%) in the Fe pool (Fig. 5f ). In the NAT-M8-1 core from Naturita, goethite was not seen in the NRZ samples richer in OC (315 and 505 cm bgs) below the water table. In these sediments, however, pyrite was present (15-24%), and increased with organic carbon concentration (Fig. 5i) . Similar to Fe, the S speciation indicated an increased proportion of pyrite, proportional to the organic carbon content (Fig. 5h) . As in the samples collected in the fine-grained NRZ of Rifle, the remaining fraction of Fe in coarse-grained NRZs was incorporated in phyllosilicate minerals, magnetite and hematite. Janot et al. (2016) proposed that NRZs should be present in alluvial floodplains throughout the UCRB, and that Rifle NRZs provide a model for biogeochemical behavior of floodplains regionally. Three conditions were proposed to be critical to the development of NRZs: (i) saturation of pore space by water, (ii) enhanced organic matter content, and (iii) fine sediment grain size (Campbell et al., 2012; Janot et al., 2016) . The results of the present study support the hypothesis that NRZs are common features of alluvial floodplains throughout the UCRB and that pore saturation and elevated OC content are necessary properties for the development of NRZs (Fig. 6) . However, our data reveal that fine-grained texture is not required to establish Fe(III) and sulfate reducing conditions (Fig. 5) . Thus, we propose a modification of the 'Rifle model' of NRZs where the texture is of secondary importance relative to the OC content and water saturation for the establishment of NRZs, both of which have primary controls on oxygen delivery and consumption. Exchange of oxidants between NRZs and groundwater depends on the permeability of the NRZs, which is related to sediment texture. We therefore reason that the exchange of solutes and inflow of oxidants is relatively slow in diffusion-limited fine-grained NRZs. This renders the biogeochemical conditions in fine-grained NRZs comparatively stable relative to coarse-grained NRZs. In other words, NRZs can develop independent of texture as long as the OC content is high enough (0.7% total OC minimum; Table 2 ) and sediments are water saturated, but the NRZ sensitivity to oxidation is dependent on the texture. Thus, predictions of NRZ behavior in response to perturbations, such as (Fig. 5) is reported for each phase below the detection limit of LC-LS fitting of Fe K-edge EXAFS (estimated to 10%); with (−) not observed, and, (+) observed as major phase, respectively. water table fluctuations, need to consider texture and permeability in addition to the OC content.
Discussion
Regional significance of NRZs
Redox behavior of NRZs
Sulfur and iron speciation are highly sensitive to the redox status within sediments and, thus, provide valuable information about processes affecting elemental cycling and the behavior of redox-active contaminants. In the current study, all NRZs exhibit a major change in the oxidation state of S from sulfates as the dominant solid-phase species in oxic sediments to sulfides inside NRZs (Fig. 5) . The evolution of S species mirrors a shift in redox conditions from oxidizing to reducing conditions. Here we discuss process models for S and Fe transformations inferred from the results.
Reduction processes. S K-edge XANES and Fe K-edge EXAFS show that goethite, which was abundant in over-/underlying sediments, decreased concurrently with the appearance of iron sulfides in all NRZs observed here ( Fig. 5 and Table S2 ). This observation suggests that iron sulfide precipitation is mechanistically linked to dissolution of goethite (Fig. 5, S4 and S9). Fe(III)-oxyhydroxide reductive dissolution can be driven by direct reduction of Fe 3+ by metal-reducing heterotrophic bacteria, coupled to oxidation of organic carbon, in which case the primary products are CO 2 and Fe 2+ (Nielsen and Andersen, 2003; Canfield et al., 2005) .
Fe(III)-oxyhydroxides can also be reduced abiotically by when biogenic H 2 S produced by sulfate bacterial respiration (Rickard, 1975; Pyzik and Sommer, 1981; Wei and Osseo-Asare, 1997; Williams et al., 2011; Druhan et al., 2014) reacts with H 2 S and Fe(III)-oxyhydroxides to produce elemental sulfur (Eq. (1)) and nano-crystalline mackinawite (Eq. (2)) (Wei and Osseo-Asare, 1997) .
These two products, mackinawite (FeS), together with elemental sulfur (S0), co-occured in the fine-grained Rifle NRZ sediments (Fig. 5 and Table S1 ). The concomitance of these two products in these sediments, combined with the concomitant disappearance of goethite, suggests that Fe 3+ reduction in NRZ sediments follows the abiotic pathway described by Eqs. (1) and (2). Indeed, Fe 3+ reduction using the biotic pathway does not produce elemental sulfur, however we cannot exclude that some Fe(III) bacterial respiration occurs. This conclusion is consistent with previous studies (Campbell et al., 2012; Janot et al., 2016) . Furthermore, the production of elemental sulfur and sulfides (Fig. 6) , as well as reductive dissolution of Fe(III)-oxyhydroxide in the coarse-grained NRZs (Fig. 5i) , is proportional to the organic carbon content of NRZs. Thus, the intensity of Fe(III) and sulfate reducing conditions in NRZ sediments seem be mainly controlled by organic carbon content. Oxidation processes. Iron monosulfides (e.g. mackinawite) are not observed in the coarse-grained Rifle NRZs (Fig. 5b,e,h ). In contrast, pyrite is observed in all NRZ sediments. The systematic presence of pyrite along with the co-occurrence of elemental sulfur provides strong evidence for mackinawite previously existing as an intermediate in the formation of pyrite in the coarse-grained NRZs. Indeed, even if pyrite formation can arguably occur via a number of pathways (involving H 2 S, S(0), polysulfides, greigite, Fe 2+ or even FeOOH), only two mechanisms of sedimentary pyrite formation are currently accepted (Eqs. (3) and (4)) and both occur through the conversion of FeS (Rickard, 1975; Luther, 1991; Rickard, 1997; Rickard and Luther, 1997; Butler and Rickard, 2000; Burton et al., 2011) .
The relative absence of mackinawite in coarse-grained NRZ sediments implies that it had been consumed, for example by oxidation. Importantly, mackinawite oxidation produces elemental sulfur (Burton et al., 2009) ; at near-neutral pH, S(0) forms as an initial solid-phase product of mackinawite oxidation in the presence of O 2 -bearing solutions (Eq. (5)). Thus, mackinawite oxidation increases the S(0) content (Schippers and Sand, 1999; Burton et al., 2006 Burton et al., , 2009 . Although oxidation of mackinawite also affects the mineralogy of Fe, the S speciation changes were appreciably more noticeable in the sediment S pool, which was dominated by sulfides. In comparison, the iron pool was dominated by phyllosilicates and oxides. Consequently, the change in Fe speciation was less noticeable, but consistent with the S results. The coarsegrained NRZs in this study uniformly exhibit higher proportions of elemental S (50% of total S) compared to fine-grained NRZs (b20% of total S) (Table S1 ). This observation, combined with the absence of iron monosulfides and the occurrence of pyrite, suggests that FeS had been oxidized by molecular oxygen in the coarse-grained NRZs (Fig. 5) .
Redox cycling of NRZs. It is logical that the impact of oxidant diffusion is more extensive and pronounced in coarse-grained than in finegrained NRZs, because coarse-grained sediments have greater porosity, enabling faster solute and gas exchange with the surrounding environment. Iron monosulfides that precipitate during (bio)reduction processes, such as mackinawite, are metastable and widely regarded as precursors to thermodynamically-favored pyrite in the presence of oxidants (Schoonen and Barnes, 1991; Wilkin and Barnes, 1996; Benning et al., 2000; Otero et al., 2005; Hunger and Benning, 2007) . Thus, the overall picture that emerges from the Fe and S chemical speciation is that higher sediment permeability leads to overall higher sulfide oxidation rates, higher abundances of elemental sulfur, and lower abundances of mackinawite. This model is illustrated schematically in Fig. 7 . Thus the distribution of mackinawite in the NRZs of floodplain sediments of UCRB is proposed as a consequence of oxidation rates depending on the sediment texture. In addition to the diffusion-limitations preventing oxidation, the fine-grained NRZs are also systematically more enriched in organic carbon (Fig. 6) , which should contribute to the ability of these NRZs to maintain and re-establish reducing conditions. Thus, we reason that coarse-grained NRZs are regularly oxidized, whereas fine-grained NRZs exhibit persistent-Fe(III)-and sulfate reducing conditions.
Implications for biogeochemical function and contaminant mobility
The persistence of Fe(III)-and sulfate-reducing conditions directly impacts the ability of NRZs to retain redox-active contaminants, i.e., contaminants that can occur in different oxidation states within the pE-pH conditions of natural waters, including As, Se, Mo, and U. Coarse-grained NRZs with higher permeability will be subject to more frequent and rapid redox cycling and, hence, to more dynamic exchange of contaminants with surrounding aquifers. The suspected greater ability of fine-grained NRZs to maintain and revert to reducing conditions (i.e. greater resilience), further improves the ability of these NRZs to act as sinks of trace contaminants should they become subject to periodic disturbances, such as partial desiccation during long-term or seasonal drought.
Differences in reactivity of different iron sulfide minerals (e.g., FeS and FeS 2 ) towards redox-active contaminants further enhances the ability of NRZs to retain trace contaminants (Hua and Deng, 2008; Burton et al., 2011; Hyun et al., 2012; Veeramani et al., 2013) . For example, mackinawite occurs as a reactive high surface-area nanoscale mineral that can precipitate metals such as Cd. In comparison, similar minerals (e.g., pyrite), have much greater sorption capacity (Parkman et al., 1999) (Kornicker and Morse, 1991; Morse and Arakaki, 1993) . Thus, fine-grained and coarse-grained NRZs likely exhibit different metal attenuation mechanisms, leading to different extents and rates of metal retention and release.
V, Cr, Mn, As, Se, Mo and U are traces-metals of concern in floodplains at legacy ore processing sites across the UCRB. The concentrations of these elements measured in the sediments collected along the studied cores in this study from Rifle, Grand Junction and Naturita are shown in Supplementary data (Fig. S10) . Redox-active contaminants that are less mobile in their reduced forms, such as U(IV) and Cr(III), are expected to accumulate in NRZs, as are elements that are sequestered in sulfides. Exposure of NRZs to oxidants such as O 2 and NO 3 − will likely drive release of sequestered radionuclides, and metals. Oxidative conditions can occur seasonally during summer dry conditions and during periods of long-term drought. Thus, NRZs are likely to be nexuses of biogeochemical activity driven by hydrological dynamics that likely have important effects on floodplain water quality.
Conclusion
This study compares vertical redox profiles of reduced organic-rich sediments from 3 floodplain sites spanning a 250 km transect of the central UCRB. Key attributes evaluated include Fe and S redox status, mineralogy, organic carbon content, and particle size. Comparison of similarities and differences in their properties leads to the following key findings:
1. NRZs are common in floodplains in the UCRB. 2. NRZ reducing conditions and sulfide production are linked primarily to organic carbon content (0.7% total OC minimum is required), as well as sediment moisture. 3. Sediment grain size indirectly controls the abundance of the reactive species mackinawite and elemental sulfur by mediating oxidant diffusion in NRZs. Coarse-grained textures allow greater exposure to Fig. 7 . Illustration of the biogeochemical reaction network believed to control abundances of iron monosulfides and elemental sulfur in NRZs. In this model, the primary oxidant is assumed to be O 2 , which diffuses into NRZs (blue lines; thickness reflect abundance of oxidant) where it oxidizes FeS, leading to precipitation of S(0) and FeOOH. The overall rates and extents of these processes are proportional to sediment permeability. Inflow of oxidants is estimated to be relatively fast in coarse-grained NRZs but less important in fine-grained NRZs. Consequently, more elemental sulfur is produced and FeS is almost completely absent in coarse-grained NRZs. The maximum quantity of FeOOH produced by this reaction is estimated to be 3-4 wt%, which is below the 10% detection limit required to detect it by XAS in the pool of total iron.
oxidants and conversion of mackinawite to elemental sulfur. In contrast, fine-grained sediments are enriched in mackinawite and deficient in elemental sulfur. The ability of NRZs to accumulate heavy metals is due largely to (i) their low redox potentials, and (ii) the presence of the reactive elemental sulfur and mackinawite that can react with metals and precipitate as sulfides. NRZs are likely to play major roles in mediating contaminant behavior in floodplains where they reside.
